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Executive Summary

The University of Florida subcontract entitled “Future CIS Manufacturing Technology
Development” served as the basis for educating 12 graduate students in the area of photovoltaics
engineering and research with a focus on thin-film CIS manufacturing technologies, and resulted
in 23 research publications and presentations. Further details are given in Part 1 of this report.

A critical assessment of the thermodynamic data and of the phase diagram for the Cu-Se
binary system was carried out. It was determined that the compounds of this I-VI system exhibit
a wide variety of properties. For example, Cu,4Se behaves as mixed conductor, showing both
ionic and electronic conduction, and it is often present in CulnSe;-based solar cells as an
undesirable secondary phase. In contrast, the CuSe; phase is a low-temperature superconductor.
Knowledge of the thermochemistry and phase diagram of the Cu-Se system is essential for
understanding the ternary Cu-In-Se system and its subsequent use in developing new CIS
processes. In producing a critical assessment of the Cu-Se system we used an association model
to describe the liquid phase, and a three-sublattice compound energy formalism to describe the
Cu,xSe phase. The remaining intermediate solid phases (CusSe,, CuSe, CuSe;) were modeled as
line compounds. As a result, a self-consistent set of phase diagram and thermodynamic data was
obtained. Further details are given in Part 2 of this report.

In addition, a critical assessment of the thermodynamic data and of the phase diagram for
the In-Se binary system was also carried out. The In-Se system is a member of the III-VI group
and contains several semiconducting compounds (such as InsSes, InSe, IngSe;, In,Ses) with
possible applications to electronic devices. The understanding of the thermochemistry and phase
diagram the In-Se system is motivated as a step towards predicting the behavior of the Cu-In-Se
ternary system. We carried out an assessment of the In-Se system using all the relevant phase
diagram and thermochemical data available in the literature, plus a published unary assessment
for indium, and one for selenium. Nine intermediate solid phases (InsSe;, InSe, IngSe7, IngSe;;,
InsSe;, a-InySes, B- InpSes, y- InpSes, and 6-In,Ses) are modeled as line compounds. An
association model was used to describe the liquid phase. The key results that we obtained by
coupling the thermochemical and the phase diagram data, are optimized expressions for the
Gibbs free energy with respect to the stable element reference for the solid compounds and for
the liquid phase, along with those for the major vapor phase species (in particular Se, for n=1 to
8, In, InSe, In,Se, and In;Se;). The temperature-composition and pressure-temperature
projections of the phase diagram were assessed. Further details are given in Part 3 of this report.

We investigated the use of two novel precursor structures that used stacked In-Se and Cu-
Se binary layers instead of conventional elemental layers, followed by rapid thermal processing
(RTP) to produce CIS films. The first test structure was composed of 3 layers, namely an
In4Ses/CulnSe,/CuSe stack, while the second structure considered consisted of 2 layers, namely
an InSe/CuSe stack. The ramp rate, anneal temperature, and anneal time were varied and the
resulting films analyzed for formation of CIS using XRD, AES, ICP, and Raman measurements.
The results show that relatively larger grain CulnSe, could be formed. Further details are given
in Part 4 of this report.

We investigated the evolution of electrical and microstructural properties of sputter-
deposited ZnO:Al thin films. To gauge the influence of the interface on the performance of
sputter-deposited ZnO:Al transparent electrodes, the structure and electrical properties of the
interfacial region was investigated during the nucleation and growth of the thin films. RF
magnetron sputter deposited films with thickness values ranging from ~20 to 1580A were



characterized using Atomic Force Microscopy (AFM), Auger Electron Spectroscopy (AES), Hall
measurements, and four point probe. AES spectra of the films with thickness between ~20 and
60A exhibited clear Si (1619eV) peaks suggesting the thin films were discontinuous islands on
the substrate. AFM micrographs indicated a distribution of hillocks on the surface, which agrees
with AES results, and suggest a Volmer-Webber nucleation and growth mechanism. Hall
measurements indicated that the films had electron carrier concentrations on the order of 10" to
10%° cm'3, mobilities lower than IOcmz/V-s, and resistivities on the order of 107 to 10> Q-cm
depending on the film thickness. Further details are given in Part 5 of this report.

An assessment of the thermodynamics of the pseudobinary Cu,Se-Ga,Se; was done making
use of available experimental data, as well as use of an empirical method for estimating
interactions in semiconductor solid solutions. Four phases were considered in this work, namely
a liquid, a Cu,Se-rich solid solution (ss1), a non-stoichometric chalcopyrite compound CuGaSe,
(ch(ss)), and a Ga,Ses-rich solid solution (ss2) which melts congruently at 1112°C with a
composition of 28.5% Ga. The thermodynamic description began with the Cu,Se-rich solid
solution, where the interaction between Cu,Se and Ga,Ses is estimated using the delta lattice
parameter model. This estimation is modified to a sub-regular solution model considering the
asymmetric deviation from regular solution of the Cu,Se-rich solid solution phase. A sublattice
model is used or the non-stoichometric chalcopyrite compound CuGaSe; and the Ga,Se;-rich
solid solution, where the Gibbs energy of the pure compounds are obtained from the reported
values. The liquid phase is modeled as an associated solution using the Redlich-Kister
expression for the Gibbs energy. The final results obtained show that the calculated phase
boundaries and the calculated points for all the invariant equilibria are in good agreement with
the available experimental data. Further details are given in Part 6 of this report.

Optimization studies were conducted to characterize the rapid thermal processing (RTP) of
binary bilayer precursors for CIS synthesis using a newly acquired AG Associates Heatpulse
furnace. In addition, two susceptor designs were conceived and tested, along with a variety of
target temperatures, soak times, and temperature-ramp rates, leading to improved understanding
of the RTP processing operation. Further details are given in Part 7 of this report.

Progress was made on the calculation of the 500°C isothermal section of the phase diagram
of the ternary Cu-In-Se system. A preliminary though comprehensive thermodynamic model
was developed to describe each phase in the Cu-In-Se system. The calculated phase diagram is
in reasonable agreement with experimental results reported in the literature. Further details are
given in Part 8 of this report.

The pursuit of developing alternative buffer layers for Cd-free CIS-based solar cells using a
chemical bath deposition (CBD) process has resulted in specific recipes for deposition. We have
performed structural and optical analysis of CdS, (Cd,Zn)S, ZnS, and In(OH),S, films deposited
by the CBD process on glass substrates. CIS-based solar cells deposited with the CdS, (Cd,Zn)S,
ZnS, and In(OH),S, buffer layers by the CBD process were fabricated and characterized. In
addition, a comparative study of the performance of the CIS-based cells deposited with the CdS,
(Cd,Zn)S, ZnS, and In(OH),S, buffer layers by the CBD process was carried out. Further details
are given in Part 9 of this report.

A rigorous model has been derived to predict the metal mass fluxes produced by conical
thermal effusion sources. The model predicts the spatial flux distribution and the deposition
rates. A companion two-dimensional model that estimates the temperature of the substrates in
the plasma-enhaced migration-enhanced (PMEE) reactor has been developed to estimate the
temperature at the site where the films grow. New instrumentation has been added to the PMEE
reactor to allow for more effective data acquisition and control, and a cascade controller has been
designed and tuned to deliver improved control of the indium-to-copper flux ratios. Further
details are given in Part 10 of this report.
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A two-dimensional model of the heat transfer was developed to model the substrate
temperature distribution in the UF PMEE Reactor that features a rotating platen/substrates and
effusion sources. Time-varying view factors were calculated and employed to solve the problem
dynamically accounting for the fact that the platen rotates at a given angular speed. The
correlation between actual temperature on the substrates and the thermocouple reading due to the
indirect measurement was modeled. The poor thermal contact between the platen and the
substrates was simulated embedding a thin thermal break-region. The modeling study shows that
the existence of the contact resistance improves the temperature uniformity in the substrate
region. The effects of rotation speed and rotation direction were also investigated. The
modeling results predict the temperature distribution in the substrate regions to be fairly uniform
under certain conditions. Fairly good agreement with experimental validation result was
obtained without using any model-fitting parameter. Further details are given in Part 11 of this
report.

We gave grown and characterized polycrystalline CIS epitaxial films have been established
on single-crystal GaAs substrates under conditions that enhance the influence of surface effects
on the resulting films and their properties. We have found that there is a pronounced
morphological contrast between indium-rich and copper-rich films. In addition, epilayers with
nominally identical compositions and morphologies can exhibit fundamentally different ordering
of the lattice in either the equilibrium chalcopyrite (CH) or the metastable CuAu (CA) structures.
The polycrystalline CIS thin films grown in the University of Florida PMEE system reveal
features that seem to lend experimental support to the hypothesis of a vapor-liquid-solid growth
mechanism. Droplet-like structures reproducibly appear on the surface of as-grown Cu-rich
polycrystalline CIS films when certain conditions are fulfilled, namely when a Cu-rich
composition is attained and using a sufficiently high Se flux during the growth and cooling-
stages. Other features of the samples and corresponding process suggest that the droplet
structure is closely related to the presence of a Cu-Se liquid phase during growth process. The
results are significantly affected by the substrate type, temperature, as well as by the final
thickness of the film. Finally, progress in developing a process for deposition of precursor films
that are used for rapid thermal process is discussed. Further details are given in Part 12 of this
report.

Progress was made on the study of CIS and CGS single-crystal growth, along with
accompanying morphological and compositional characterizations. The work focused on CIS
thin films grown on GaAs substrates in the University of Florida PMEE reactor under different
ratios of copper to indium mass flow rates. Characterizations were performed by SEM, AFM,
EDS and AES. It was established that the films developed two distinct regions of with different
morphologies.  Furthermore, the adoption of different source-flux ratios and of different
substrate temperature appears to affect the growth mechanism or crystal quality of the final CIS
films. Further details are given in Part 13 of this report.

We have developed physical models and performed numerical simulations using AMP-1D
program to predict the performance of the CIS-based solar cells constructed with different buffer
layers (such as CdS and Cd-free materials) and to compare the results with experimental data.
The goal is to produce a device model to guide the design of high-efficiency CIS and CIGS cells
with optimized cell parameters, and to gain a better understanding of the basic physics
underlying the cell’s performance. Further details are given in Part 14 of this report.

A new computer-controlled automated measurement system for the characterization of the
solar cell performance parameters has been developed, allowing the characterization of dark- and
photo- current-voltage and spectral responses. The new measurement system is currently being
used for routine measurements of the performance parameters in the CIS-based cells fabricated
at the University of Florida. Further details are given in Part 15 of this report.
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The plasma-enhanced migration-enhanced epitaxial reactor (PMEE) available at the
University of Florida is used for the deposition of a wide variety of thin CIS films, supporting
device manufacturing based on polycrystalline co-deposited CIS, as well as are variety of studies
such as single-crystal growth, nucleation effects, and bi-layers precursor design for RTP studies.
The custom designed reactor provides for this flexibility. Significant effort is spent on operating
and maintaining the UF PMEE reactor, a few significant operational hurdles had to be overcome
during the period of this contract, including performance problems related to the load luck pump
system and the substrate temperature sensors. Furthermore a new source was purchased for
deposition of Ga in addition to the existing sources. Finally four new graduate assistants were
trained to take over operations after the graduation of the current students responsible for the
operation of the reactor to ensure continuity in the project. Further details are given in Part 16 of
this report.

A new instrumentation and control interface for the plasma-enhanced migration-enhanced
reactor available at the University of Florida has been designed and deploy to enable the
implementation of advanced control strategies envisioned for the local sources as well as the
supervisory control structure. This section of the report outlines the hardware and the software
that has been purchased and installed the system to achieve these goals. The section concludes
with the documentation of the success of initial attempts to set-up a supervisory control scheme,
namely a ratio control algorithm for the control of the metal fluxes. Further details are given in
Part 17 of this report.
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PART 1

Introduction

Abstract

This section summarizes the accomplishments of the research and development efforts
during the period of the University of Florida subcontract, includes a list of graduate assistants

who have participated in the projects, and presents the list of publications that have been
produced.

Section Contents

1.1 Summary of AcCOMPIISHMENTS......cccuiiiiiiiiiiiiieieee e 1-2
1.2 Graduate Student Training........ccceecuierieeiiieiie ettt ettt saaeebeeseneeneeas 1-3
1.3 List of Publications
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1.1 Summary of Accomplishments

A brief summary of accomplishments during the period of this contract is given in the list

below:

10.

11.

A critical assessment of the thermodynamics and phase-diagram of the Cu-Se and of
the In-Se binary systems was carried out, and a self-consistent set of phase diagrams
were developed.

Rapid thermal processing for CIS thin-film formation was investigated as a low
thermal-budget annealing technique for precursor layers. The three-layer structure
IngSes/CulnSe,/Cu,Se and the two-layer structure InSe/CuSe were investigated as
precursors.

The influence interface on the electrical performance of sputter deposited ZnO:Al
transparent electrodes has been investigated. A Volmer-Webber nucleation and
growth mechanism is suggested by the AFM and AES results.

Developed a recipe for depositing CdS, (Cd,Zn)S, ZnS, and In(OH),Sy buffer layers
on CIS-based cells by the CBD process on glass substrates, and performed a
structural and optical characterization of the films.

Fabricated and characterized the CIS cells deposited with alternative buffer layers and
the CdS buffer layer by CBD process, and performed a comparative study of the
performance of these cells.

Constructed a semi-automatic computer-controlled I-V and spectral response (QE)
measurement system with the LabView software program for electrical and optical
characterization of CIS-based solar cells.

Conducted numerical simulation of ZnO/CdS/CIS-based solar cells deposited with
different CdS buffer layer and absorber layer thickness.

Conducted numerical simulation of ZnO/CdS/CIS-based solar cells by taking into
account the effects of defects and doping concentration in the CdS buffer layer and
ZnO layer.

Conducted numerical simulation of the ZnO/Cd; xZnxS/CIS-based solar cells.

Developed a comprehensive model for simulating the mass flux produced by conical
thermal effusion sources commonly used for Cu, In, and Ga deposition in low-
pressure environments for molecular-beam processing.

A two-dimensional model was developed to assess the temperature distribution of
substrates in the plasma-enhanced molecular-beam epitaxial reactor at the University
of Florida.



12.

13.

14.

15.

Epitaxial CIS films were grown on single-crystal GaAs substrates using a bilayer-
precursor recipe followed by rapid thermal processing. The resulting films also
provide experimental evidence that may lend support to the vapor-liquid-solid growth
hypothesis.

A preliminary study of the effect of the copper-to-indium ratio on the morphology
and composition of single-crystal CIS films was carried out.

A new instrumentation and data-acquisition interface for the PMEE reactor was
developed and installed to support advanced control strategies for flux control. A
new cascade system for metal-flux control was shown to deliver improved copper-to-
indium ratios.

A total of 23 journal and conference papers, have been published under the
sponsorship of this contract research, and three additional publications are in
preparation (see Section 1.3 for a comprehensive publications list).

1.2  Graduate Student Training

This contract has provided an environment that supported the education of 12 graduate
students of three different disciplines who are likely to join the photovoltaics industry upon
graduation. The list of participating graduate students and their departmental affiliations at the
University of Florida is given below:

1.

2.

8.

9.

Chia-Hua Huang, Computer and Electrical Engineering
Chih-Hung "Alex" Chang, Chemical Engineering
Mubhsin Ider, Chemical Engineering

J. Wayne Johnson, Chemical Engineering

Suku Kim, Chemical Engineering

Serkan Kincal, Chemical Engineering

Lei Li Kerr, Chemical Engineering

Lauren Rieth, Materials Science and Engineering

Jiyon Song, Computer and Electrical Engineering

10. Billy J. Stanbery, Chemical Engineering

11. Seokhyun Yoon, Chemical Engineering

12. Xuege Wang, Computer and Electrical Engineering



1.3

List of Publications

10.

1.

12.

The following list of publications have been produced under the auspices of this contract:

S.S. Li, B. Stanbery, C.H Huang, C.-H. Chang, Y.S. Chang and T.J. Anderson, “ Effects of Buffer
Layer Processing on CIGS Excess Carrier Lifetime: Application of Dual-beam Optical Modulation
to Process Analysis”. 25" IEEE Photovoltaic Specialist Conference, Washington, DC, p.821-824,
1996.

C.-H. Chang, A. Davydov, B. Stanbery and T.J. Anderson, “Thermodynamic Assessment of the
Cu-In-Se System and Application to Thin Film Photovoltaics” 25th IEEE Photovoltaic Specialist
Conference, Washington, DC, p.849-852, 1996.

B. Stanbery, C.-H. Chang, A. Davydov, T.J. Anderson, “Reaction Engineering and Precursor Film
Deposition for CIS Synthesis”. AIP Conference Proceedings 394, p.579-588, 1997.

C.-H. Chang, B.J. Stanbery, A. Morrone, A. Davydov and T.J. Anderson, “Novel Multilayer
Process for CulnSe2 Thin Films Formation by Rapid Thermal Processing”, in Thin-film Structures
for Photovoltaics, MRS Symposium Proceedings, Vol. 485, p.163-168, 1997.

S.S. Li, B.J. Stanbery, C.H Huang, C.-H Chang, T.J. Anderson “Investigation of Buffer Layer
Processes on CIS Solar Cells by Dual Beam Optical Modulation Technique”, Conference Record of
the 26th IEEE Photovoltaic Specialist Conference, p.407-410, 1997.

C.H. Huang, Sheng S. Li, B.J. Stanbery, C.H. Chang, and T.J. Anderson, “Investigation of buffer
layer process on CIGS solar cells by Dual Beam Optical Modulation technique,” Conference
Record of the 26th IEEE Photovoltaic Specialist Conference, pp. 407-410, 1997.

B.J. Stanbery, C.-H. Chang, T.J. Anderson, “Engineered Phase Inhomogeneity for CIS Device
Optimization”, Inst. Phys. Conf., Ser. No 152, p.915-922, ICTMC-11, 1998.

C.-H. Chang, A.A. Morrone, B.J. Stanbery, C. McCreary, M. Huang, C.-H. Huang, Sheng S. Li,
and T.J. Anderson, “Growth and Characterization of CdS Buffer Layers by CBD and MOCVD,”
AIP Conference Proceedings No. 462, pp. 114-119, 1999.

B.J. Stanbery, C.H. Huang, C.H. Chang, Sheng S. Li, and T.J. Anderson, “Characterization and
processing of CulnSe2 solar cells,” Conf. Record of the 2nd World Conference on Photovoltaic
Solar Energy Conversion, Vienna, Austria, pp. 529-532, 1998.

C.H. Huang, C.-H. Chang, J.W. Johnson, S. Kim, B.J. Stanbery, Sheng S. Li, and T.J. Anderson,
"Study of Cd-free Buffer Layers Using Inx(OH,S)y on CIGS Solar Cells", 11th International
Photovoltaic Science and Engineering Conference, Sapporo City, Hokkaido, Japan, September 20-
24, 1999.

S. Kincal, and O. D. Crisalle, "A Modeling and Control Approach for Molecular Beam Sources",
Control of Microelectronics Manufacturing Session, Paper 192e, AIChE Annual Meeting, Dallas,
Texas, 1999.

C.H. Huang, Sheng S. Li, W.N. Shafarman, C.-H. Chang, J.W. Johnson, L. Rieth, S. Kim, B.J.
Stanbery, and T.J. Anderson, "Study of Cd-free Buffer Layers Using Inx(OH,S)y on CIGS Solar

Cells," Technical Digest of 11th International Photovoltaic Science and Engineering Conference,
Hokkaido, Japan, pp. 855-856, 1999.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

L. Rieth, P. Holloway, "Nucleation and growth of ZnO:Al thin films on soda-lime glass substrates",
Multicomponent oxide films for electronics, Vol. 574, pp. 205-210, 1999.

B.J. Stanbery, C.-H. Chang, S. Kim, S. Kincal, G. Lippold, S.P. Ahrenkiel, L. Li, T.J. Anderson,
M.M. Al-Jassim, “Epitaxial Growth of CuAu-Ordered CulnSe, Structural Polytypes by Migration
Enhanced Epitaxy”, in Self Organized Processes in Semiconductor Alloys, MRS Symposium
Proceedings, Vol. 583, 195-200, 2000.

B.J. Stanbery, S. Kincal, S. Kim, T.J. Anderson, O.D. Crisalle, S.P. Ahrenkiel, and G. Lippold,
"Role of Sodium In The Control of Defect Structures in CIS”, Proceedings 28th IEEE PVSC,
Anchorage, 2000.

C.-H. Chang, J.W. Johnson, B.J. Stanbery, S.-H. Wei, R.N. Bhattacharya, R. Duran, and G. Bunker,
"Composition Effects on the Local Structure of CulnSe2: X-ray Absorption Fine Structure
Investigations and First-Principles Calculations", J. Applied Physics, 2001.

C.-H. Chang, S.H. Wei, J.W. Johnson, R.N. Bhattachcharya, B.J. Stanbery, R. Duran, and T.J.
Anderson, "Long Range and Short Range Ordering of Chalcopyrite CulnSe2", Jap. J. Appl. Phys.,
Vol. 39, Supplement 39-1, pp411-412, 2000.

C.H. Huang, Sheng S. Li, L. Rieth, A. Halani, Jiyong Song, T.J. Anderson, and P.H. Holloway, "A
Comparative Study of Chemical-bath-deposited CdS, (Cd,Zn)S, ZnS, and In(OH)xSy Buffer Layers
for CIS-based Solar Cells," NCPV Program Review Meeting, Denver, CO, USA, pp. 229-230,
2000.

C.H. Huang, Sheng S. Li, L. Rieth, A. Halani, M.L. Fisher, Jiyong Song, T.J. Anderson, and P.H.
Holloway, "A Comparative Study of Chemical-Bath-Deposited CdS, (CdZn)S, ZnS, and
In(OH)xSy Buffer Layers for CIS-based Solar Cells," 27th IEEE Photovoltaic Specialists
Conference, 2000.

S. Kincal and O. D. Crisalle, "Thermal Effusion Source Modeling for Control in Molecular Beam
Epitaxy Applications", American Control Conference, Chicago pp. 4401-4405, 2000.

C.-H. Chang, S.-H. Wei, S. P. Ahrenkiel, J. W. Johnson, B. J. Stanbery, T. J. Anderson, S. B.
Zhang, M.M. Al-Jassim, G. Bunker, E. A. Payzant, and R. Duran, "Structure Investigations of
Several In-rich (Cu,Se)x(In,Ses);.. Compositions: From Local Structure to Long-Range Order", H.

4.3, MRS Symposium Proceedings, "1I-VI Compound Semiconductor Semiconductor Materials,
2001.

B.J. Stanbery, S. Kincal, S. Kim, C.H. Chang, S.P. Ahrenkiel, G. Lippold, H. Nuemann, T.J.
Anderson, and O.D. Crisalle, “Epitaxial Growth and Characterization of CulnSe, Crystallographic
Polytypes", accepted for publication in Journal of Applied Physics, to appear in 2002,

W. Zhuang, C.-H. Chang, J.Y. Shen, T.J. Anderson, “A Critical Assessment of Phase Diagram and
Thermodynamic Data for the Cu-Se Binary System”, in preparation for CALPHAD.

C.-H. Chang, A. Davydov, B.J. Stanbery, and T.J. Anderson, “Thermodynamic Assessment of
Selenium Unary System”, in preparation for CALPHAD.

C.-H. Chang, Su-Huai Wei, N. Leyarovska, J.W. Johnson, S.B. Zhang, B.J. Stanbery, T.J.
Anderson, G. Bunker, R. Duran, ”Local Structure of Culn;Ses: An X-ray Absorption Fine Structure
Study and First Principle Calculation”, in preparation for Physical Review B.

1-5



PART 2

A Critical Assessment of the Thermodynamic Data
and Phase Diagram for the Cu-Se Binary System

Abstract

The Cu-Se system, a member of the I-VI family, produces compounds that exhibit a wide
variety of properties. For example, Cu,.,Se is a mixed conductor, showing both ionic and
electronic conduction, and is often present in CulnSe,-based solar cells as an undesirable
secondary phase. In contrast, the CuSe, phase is a low-temperature superconductor.
Knowledge of the thermochemistry and phase diagram of the Cu-Se system is essential for
understanding the full Cu-In-Se system and its subsequent use in developing new CIS processes.
A critical assessment of the Cu-Se system was performed using an association model to describe
the liquid phase, while a three-sublattice compound energy formalism was used for the Cu,.Se
phase. The remaining intermediate solid phases (Cu3Se;, CuSe, CuSe;) were modeled as line
compounds. The approach produced a self-consistent set of phase diagram and thermodynamic
data.
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2.1 Brief Overview

2.1.1 Participants

Faculty Adviser: Prof. Timothy J. Anderson
Research Assistant:  Chih-Hung "Alex" Chang

2.1.2 Objectives

The objectives of this project are to elucidate the thermochemistry and phase diagram of
the Cu-Se system, and make progress towards the understanding of the full Cu-In-Se system by
carrying out a critical assessment of the literature phase diagram and thermodynamic data for the
Cu-Se system.

2.2 Phase Diagram Data

The Cu-Se liquid phase exhibits two miscibility gaps, one on the Cu-rich side of the phase
diagram and the other for Se-rich side. Four intermediate phases were reported in the literature,
including Cu,Se (CuyxSe), CusSe,, CuSe, and CuSe;. The Cu,Se (Cuy«Se) phase is the most
stable phase in this system with a broad homogeneity range extending towards the Se side to
form a defect compound. Cu,Se has two polytypes: a-CuyxSe and B-Cu,Se. CuSe has three
polytypes: a-CuSe, B-CuSe, and y-CuSe. Extensive studies have been carried out for the Cu-Se
phase diagram using DTA (Differential Thermal Analysis), XRD (X-Ray Diffraction),
microscopy, and microhardness techniques. Earlier work covered the copper-rich side at high
temperature as reviewed by Hansen and Anderko [1]. Later, Chakrabarti and Laughlin [2]
critically reviewed the phase diagram and thermodynamic data for the system, but did not
perform an optimized assessment. Subsequent to their review, Abrikosov and coworkers [3] and
[4] further studied the Cu,.<Se phase using DTA and DSC (Differential Scanning Calorimetry).
Glazov and Kim [5] studied the miscibility gap on the Cu-rich side by the acoustic method. All
the phase diagram data are shown in Figures 2.2 a and b. The invariant equilibria are listed in
Table 2.11.

2.3 Enthalpy, Entropy and Heat Capacity Data

2.3.1 Phase a-Cu,,Se

The standard enthalpy of formation, AH’¢ 9515k, value for a-Cu,Se was measured by
several authors using a variety of techniques as summarized in Table 2.1. Gattow and Schneider
[6] reported a value of AH’tp9815k= -59.3 (kJ/mol), by direct synthesis calorimeter. Several
investigators have used solid state galvanic cells to measure the Gibbs energy of formation of



Cu,Se phase at various temperatures. Valverde [7] reported AG®s73.15x= -85.0 (kJ/mol) using the
following cell;

Pt| C| Pb | PbCL+KCl1| Cu,Se+PbSe+Cu| C | Pt

The standard enthalpy of formation, AH 29515k =-69.9 (kJ/mol), was evaluated by Mills
[12] from the available literature data using the third law method. Rau and Rabenau [8] measured
the equilibrium Se, vapor pressure in the Cu+Cu,Se two-phase domain and estimated the
enthalpy and entropy values using the heat capacity data reported by Kubaschewski [9]. Mills re-
evaluated the data using a third law analysis, AH 205 15k =-65.3 (kJ/mol), and the more accurate
heat capacity and phase transition data reported by Kubascheswki and No6lting [10]. Askerov et
al. [11] reported a value, AH 29515k =-65.7 (kJ/mol) and AS°f29515x=28.9 (J/mol K), from their
EMF measurements. The value derived from Skeoch and Heyding’s liquid bismuth calorimetric
measurements is substantially lower than other reported values. Part of this discrepancy is likely
related to the assumption that the dissolved liquid mixture is an ideal solution. The entropy
values, S°os.1s¢, were reported by Rau and Rabenau [8] from vapor pressure measurement and
Askerov et al. [11] from EMF measurements. Their data together with the third law re-evaluation
by Mills [12] are listed in Table 2.7. The heat capacity measured by Kubascheswki and Nolting
[10] is listed in Table 2.8.

Table 2.1. Standard heat of formation of a-Cu,Se(s) at 298.15 K.

Author Method -AH 205,15k (kJ/mol )
Tubandt and Reinhold [13]* Reaction calorimetry 69.0
Cu,S (s) +AgySe (s) =
Ag,S (s) + Cu,Se (s)
Gattow and Schneider [6] Calorimetry 59.3
Valverde [7]* EMF 69.9
Rau [8]* Vapor pressure 65.3
Askerova [11] EMF 65.7
Skeoch and Heyding [14]** Liquid bismuth calorimetry 23.3
Mills [12] Evaluation 65.3

*Calculated in [12], ** calculated in this work.

2.3.2 Phase B-CuySe

The values of the standard enthalpy of formation for B-Cu,Se as determined by different
authors are listed in Table 2.2. Gattow and Schneider [6] reported a value, AH’¢ 59515k =-55.4
(kJ/mol), by direct synthesis calorimetry. Again the values derived from Skeoch and Heyding’s
liquid bismuth calorimetric measurements are too low.
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Table 2.2. Standard enthalpy of formation of B-Cu,.<Se(s) at 298.15 K.

Composition Reference Method AH’ 295151 (kJ/mol )
Cu,Se [6] Calorimetry 54.4
Cu; gSe [6] Calorimetry 55.4
Cuj 75Se [8] Estimation 57.5
Cu, sSe [14]** 34.8
Cu; g5Se [14]** Liquid bismuth 34.1
Cuy oSe [14]** calorimetry 26.2
Cu, 95Se [14]** 23.6
Cu gSe [12] Evaluation 58.6
Cuy 75Se [12] Evaluation 54.0

** Calculated in this work

A value of the standard entropy of B-Cu,Se value, S° 298.15 K was calculated by [8]
from vapor pressure measurements. Their data together with that of Mills [12] evaluation value
are listed in Table 2.7. The heat capacity measured by Kubascheswki and Nolting [10] is listed in
Table 2.8, while the values of AH™" (a.—[) from various authors are listed in Table 2.3.

Table 2.3 Enthalpy of transition for a-Cu,Se(s)—B-CusSe.

Author Method Transition AH™ 0—p
Temperature (kJ/mol)
[15] DTA 404 K 20.5
[16] DTA 403 K 2.09
[Kub 72] Adiabatic 395K 6.83
calorimetry
[17] DTA 396 K 6.40
[18] DTA 413 K 6.83
[4] DTA 413 K 7.89
2.3.3 CusSe;

Reported values of the standard enthalpy of formation, AH 29515k, of CusSe; are listed in
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Table 2.4. Gattow and Schneider [6] reported the value, AH’: 9515k =-98.9 (kJ/mol), by direct
synthesis calorimetry. Askerov et al. [11] reported the value, AH 205 15k =-94.6 (kJ/mol), from
their EMF measurements. The enthalpy change of the peritectoid reaction,
0.75CusSe;(s)—>Cuy 75Se(s)+0.5CuSe(s), was reported by several authors [15, 19, 17] and the
values are listed in Table 2.4. The absolute entropy value, S%os15¢, Was reported by [11] from

EMF measurements. Their data together with that of Mills [12] evaluation value are listed in
Table 2.7.

2.3.4 CuSe

Reported values of the standard enthalpy of formation, AH s 15¢, for CuSe are listed in
Table 2.5. Value of the absolute entropy, S%s.15x, was reported by [8] from their vapor pressure
measurements and by [11] from their EMF measurements. Their data together with that of Mills
[12] evaluated value are listed in Table 2.7.

Table 2.4. Standard heat of formation of CusSe; (s) at 298.15 K.

Author Method - AH® 05,15k ( kJ/mol )

[6] Solution calorimetry 98.9

[11] Vapor pressure 94.6

[15]* From reaction 0.75Cu3Sey(s)—> 124.3
Cu;.75Se(s)+0.5CuSe(s)

[19]** From reaction 0.75Cu3Sex(s)—> 112.1
Cu;.75Se(s)+0.5CuSe(s)

[17]** From reaction 0.75CuzSex(s)—> 115.0
Cu;.75Se(s)+0.5CuSe(s)

[12] Evaluation 104.6

*Calculated by [12]**, calculated in this work

Table 2.5 Standard heat of formation of CuSe (s) at 298.15 K.

Author Method - AH% 9815k (kJ/mol)
[6] Solution calorimetry 39.3
[71* EMF 46.0
[8]* Vapor pressure 40.6
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[11] EMF 32.6

[15]* from reaction 1.75CuSe(s)—> 41.8
Cu; 75S¢e(s)+0.75Se(1)

[19]** from reaction 1.75CuSe(s)—> 42.3
Cu; 75Se(s)+0.75Se(1)

[12] Evaluation 41.8

*Calculated in [12], **calculated in this work.

2.3.5 CuSe,

Reported values of the AH20815x from various investigators are listed in Table 2.6, while
the reported values of S®os 15k are listed in Table 2.7.

Table 2.6 Standard heat of formation of CuSe; (s) at 298.15 K.

Author Method - AH’%0815x  (kJ/mol)

[6] Calorimetry 43.1

[8]* Vapor pressure 48.1

[11] EMF 39.3

[15]* from reaction CuSe;, (s)—> 46.9
CuSe(s)+Se(l)

[19]** from reaction CuSe;, (s)—> 48.1
CuSe(s)+Se(l)

[12] Evaluation 48.1

*Calculated in [12], **calculated in this work.

Table 2.7 Standard entropy of solid Cu-Se compounds at 298.15 K.

Method
Compound Author S° 598.15k (J/mol K)
a-Cu,Se [8] Vapor pressure 157.3
[11] EMF 80.2
[Mil 80] Evaluation 129.7
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B-Cu,Se [8] Vapor pressure 162.3
Cu;Se; [11] EMF 184.9
[Mil 80] Evaluation 207.1
CuSe [8] Vapor pressure 72.0
[11] EMF 74.1
[Mil 80] Evaluation 78.2
CuSe, [8] Vapor pressure 120.5
[11] EMF 98.4
[Mil 80] Evaluation 107.5
Table 2.8 Heat capacity data for Cu,Se.
Compound C, (J/mol K) Temperature Range
Cu,Se 59.0572+75.0191x 10> T 298-395 K
84.2783-2.0290x 10° T 395-1000 K

2.4 Gibbs Energy Data

2.4.1 EMF measurements

Mostafa et al. [21] investigated the Cu,Se phase, using the solid state galvanic cell,
Pt/Cu/CuBr/Cu,Se/graphite, in the temperature range 350 to 450°C. The electromotive force
was measured as function of the stoichiometry of the selenide compound and temperature. The
composition of the solid solution (Cu,.<Se) was varied by coulometric titration. The chemical

potential of copper, pcy, in Cuy4Se is given by,

Hcu= HOCu +FE

where F is the Faraday constant, E is the open circuit potential, and p’c, is the chemical potential

of pure Cu. The measured values are plotted in Figure 2.4.
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2.4.2 Vapor Pressure Measurement

The following gas species were reported to exist in the Cu-Se system, Se, (n=1-8), Cu, Cu,,
CuSe, and Cu,Se, with Se, the most prominent one in the temperature range studied. Rau and
Rabenau [8] studied the Se; equilibrium pressures for Cu-Se system as shown in Figure 2.2. The
partial pressure data have been converted into partial Gibbs energy data and used in the
assessment. Blachnik and Bolte [22] determined the activities of selenium in molten mixture of
copper and selenium by a modified dew-point method at 1373 K. Azakami and Yazawa [23]
measured the selenium activities in copper-selenium melt at 1200°C by the transportation
method.

2.5 Thermodynamic Models

2.5.1 Pure Elements and Stoichiometric Compound Phases

The Gibbs energy of Cu is from Dinsdale [24], and that of Se is from Chang et al. [25]. The
three-term equation given below is used to represent the temperature dependence of the Gibbs
energies of stoichiometric compound phases,

°G=a+bT+cTInT (2.1)

Where °G is the standard Gibbs energy, T is the absolute temperature, and a, b and c are
constants whose values need to be determined from experimental data.

2.5.1.1 Terminal Solid Solutions

A limited solubility of Se in Cu has been measured [26, 27], while negligible solubility of
Cu in Se has been proposed [2]. In this work, the solubility of Cu in Se was also considered
negligible, whereas the solubility of Se in Cu is modeled. The Gibbs energy (G*) of the terminal
solid solution based on face-centered cubic (fcc) Cu is expressed as

G =" GGG (2.2)
with

G = xp, “GES + x5, "GLE (2.3)

4G = RT(x ¢, Inxg, + X, Inxg, ) (2.4)
EG™® is the excess Gibbs energy, and expressed by the Redlich-Kister polynomial [28]:

n
chc = XcuXse Z lLJéCuC,Se (xCu - xSe)l (25)
i=0

where L is the binary interaction parameter to be optimized in the present work. The
temperature dependence of L may be expressed as

o 2.6
IL‘g;,Se =a; +bT 2.6)



2.5.1.2 Liquid Phase

The association model [29] was used to describe the Gibbs energy of the liquid phase. Cu,.
xS¢ 1s the most stable compound in this system, which is stable to 1403 K and congruently melts
at that temperature, while the other compounds peritectically decompose below 650 K. It is thus
reasonable to select Cu,Se as an associate species for the modeling of the liquid phase

(Cu, CusSe, Se), (2.7)

The Gibbs energy of this phase (per mole of atoms) can also be expressed by equation
(2.2), where fce should be replaced by 1 (I=liquid). The term ™G is equal to

ref ol _ o i ol ol
G =y, Gg + Y Cuyse GCque + Vs Gy (2.8)

where y; refers to the site fractions of the species i, Y, + Ycuse + Vs = 1. The terms °G! represent
the Gibbs energies of the pure liquid phase of species 1.

The ideal mixing Gibbs energy “G' is equal to
id ! _ RT(yeu In Yoy + Yeuyse 0 Veyyse + Vse 10 Yse)s (2.9)

and the excess Gibbs energy *G'is by Redlich-Kister

E I Oyl 1yl
G = yCuyCuzse( LCZI,CM2S€+ LCM,Cque(yCu _yCztzSe)) (2 10)

07/ 171
+ y(?queySe( LCltzSe,Se+ LCque,Se(yCuz&: - ySe))'

where the four L terms represent the interactions between the indicated species. They can be
expressed as a function of temperature.

2.5.1.3 Ordered Nonstoichiometric Compound Phases

The high temperature modification of Cuy.4Se, B-CuySe, is related to the B4 (ZnO) or
C1(CaF,) fcc structure. It has been suggested that B-CuySe is the ZnO-type structure with the
space group F43m [30, 31, 32]. In this structure, four Se atoms occupy the 4(a) sites, four Cu
atoms occupy the 4(c) sites, and the other Cu atoms are statistically distributed in the interstitial
sites (four tetrahedral (d), four octahedral (b), and sixteen trigonal (e) positions). [56] and the
later investigators [33, 34, 35, 36] suggested another structure model based on the space group
Fm3m. Each of these investigators agreed that the Se atoms occupy the 4(a) sites and form a fcc
sublattice. While Oliveria et al. [34] proposed that all Cu atoms occupy the trigonal 32(f) sites,
and other investigators [33, 35, 36] proposed that Cu atoms lie on two different sites. Based on
the structural data, the ordered nonstoichiometric B-Cu,Se phase was divided into three
sublattices: one occupied by Se atoms, and the other two occupied by Cu atoms. The structural
data suggested the nonstoichiometry is due to the formation of vacancies on the Cu sublattice.
The energetics of the two Cu-sublattices are different. The Cu atoms can lie more easily on one
sublattice with lower energy than the other one. Therefore, vacancies form more easily on the
sublattice with higher energy, and thus assume one of the two Cu sublattices is always fully
occupied by Cu atoms. As a result, the B-Cu,<Se phase was described using the sublattice model
with three sublattices after the formula [37, 38]:
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(Cu,Va)i(Se,Va)i(Cu) (2.11)

where Va represents a vacancy on that site. Including the possibility of vacancies in the Se
sublattice introduces flexibility in the modeling of the Gibbs energy, but does not imply that the
Se sublattice contains a high concentration of vacancies. From the assessment results given later,
it is found find that the vacancy concentration in the Se sublattice is very small, which is in good
agreement with the structural information.

The low-temperature modification of Cu,4Se, a-Cu,4Se, exhibits a complex diffraction
pattern and makes it difficult to identify. The structure of a-Cu,Se has been described as cubic
[30, 39, 36], pseudo-cubic [40], tetragonal [31, 41], orthorhombic [42, 43, 32], monoclinic [44,
45, 46], and pseudo-monoclinic [47]. Each investigator, however, agrees that the Se atoms form
a fcc sublattice and the Cu atoms distribute over two or more various sites (e.g., tetrahedral,
octahedral, and trigonal sites). For modeling the homogeneity range, the ordered
nonstoichiometric a-Cu,<Se phase was also described with three sublattices after formula (2.7).
The Gibbs energy of such a phase ¢ (¢=a-CurxSe or B-Cuy«Se) can also be expressed by
equation (2.2) (where fcc is replaced by ¢) with,

rEfG¢ = y'Cuy;e 0G?‘L{:Se:Cu + yyCuy;/tl OGgu:Va:Cu

+ y;/tl yg'e OGl(ea:Se:Cu + y%/a y;/a OGl(ea:Va:Cu (2 12)

WGP = RT[(y'culn y'cu + y'va In y'va)

+(¥'se Iy se +y'va Iny'va)] (2.13)
EG¢ = y'Cuy;/a ly;e (OLqé‘u,Va:Se:Cu +1L¢é‘u,Va:S€:Cu (y'Cu - y;/a ))+ y;a (OL%M,Va:Va:Cu +1L¢é‘u,Va:Va:Cu (y'Cu - y;/a ))J

+y ;ey ;/a [y Cu (OLqé'u:Se,Va:Cu +1L¢é‘u:S€,Va:Cu (y ;e -y ;a ))+ y ;/a (OLga:Se,Va:Cu +1L$a;Se,Va:Cu (y ."Se -y ;/a ))]

(2.14)

where y; and y; refer to the site fractions of the component i in the first and second sublattice,
respectively. °G¢, ;.. is the standard Gibbs energy of stoichiometric a-Cu,Se or B-CusSe, which

will be assessed in this work. °G?, . ., and °G/, . ., can be expressed as:
0(;gu:Va:Cu =20G£C ta+ blT (2 1 5)
0Glg/ba:Va:Cu:E)Géitc ta + b2T (2 16)

where, °G£¢ is the standard Gibbs energy of pure copper in the fcc phase, and a; and b; are the
optimized parameters. The value of °G/, ., can be expressed by the following relation [48, 49]:

OGI?LIZSCZCM :OGg’u:Se:Cu +0G$a:Va:Cu _OGg’u:Va:Cu (217)

To reduce the number of parameters, the following relations are used in the optimization [48,
49]:

074 _07¢ _07¢
LCu,Va:Se:Cu - LCu,Va:Va:Cu - LCu,Va:*:Cu

0 0 0
Lqéu:Se,Va:Cu = L?/a:Se,Va:Cu = Lg‘j:Se,Va:Cu (2 1 8)
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lr¢ 170 10
LCu,Va:Se:Cu - LCu,Va:Va:Cu - LCu,Va:*:Cu

174 _1s¢ _ly¢
LCu:Se,Va:Cu - LVa:Se,Va:Cu - L*:Se,Va:Cu

2.6 Optimization Procedure

A selected set of thermodynamic and phase diagram data (listed in Table 2.9) were used for
the optimization of thermodynamic model parameters of all phases in this system. The critical
review of Chakrabarti and Laughlin [2] was used as a guide for selecting the experimental phase
diagram data. New experimental phase diagram data [4, 3, 5, 50] were also used in the
optimization. The optimization was performed by using the PARROT module of the Thermo-
Calc program package [51] and split in six steps.

First, the Gibbs energy coefficients of the stoichiometric compounds, a-Cu,Se and [3-
Cu,Se and the stoichiometric liquid Cu,Se were estimated from enthalpy of formation, standard
entropy, heat capacity, transition enthalpy, transition temperature, and melting enthalpy and
temperature. Then, assuming that B-Cu,«Se is a stoichiometric phase and there is no interaction
between the pure elements in the liquid phase, a preliminary optimization of the liquid
coefficients was performed based on the activities of selenium, miscibility gap, and three-phase
equilibrium. Third, fixing the coefficients of the liquid phase, the coefficients of the ordered
nonstoichiometric B-Cu,<Se phase were roughly optimized based on the measurements of the
activities of copper [52], two-phase equilibria between liquid and B-Cu,.«Se, and the monotectic
and eutectic equilibria data. Fourth, fixing the coefficients of the liquid and -Cu,Se phases, the
coefficients of the stoichiometric CusSe;, a-CuSe, B-CuSe (y-CuSe), and CuSe, phases were
optimized based on their enthalpies of formation, enthalpies of transition, standard entropies, and
equilibria data that included these phases. As no discontinuous change in enthalpy was detected
in the B-CuSe«>y-CuSe transformation by DTA method [17], the transformation may be
considered to be continuous, i.e., higher order [2]. In this work, the B-CuSe and y-CuSe phases
are assumed and modeled as one phase. Fifth, fixing the coefficients of other phases, the
coefficients of the a-Cu,.<Se and terminal solid solution fcc(Cu) phases were optimized based on
available experimental data. Finally, all parameters of the phases were optimized to fit the
experimental data listed in Table 2.9.

2.7 Result and Discussion

The optimized parameters of the stable phases in the Cu-Se system were listed in Table
2.10. The parameters taken from references [24] and [25] were not reproduced in Table 2.10 to
conserve space. The phase diagram and thermodynamic properties of this system have been
calculated by using the optimized parameters, which were performed with the Poly-3 module of
the Thermo-Calc program package.

The calculated phase diagram is shown in Figure 2.1. The dash line, which denotes the [3-
CuSe<«>y-CuSe - transformation is not the calculated result. It is based on the XRD measurement
[17]. Figures 2.2a-c compare the calculated phase diagram and the measured data. The calculated
phase diagram agrees well with the data used in the optimization. It does not agree with some of
the data which was not used in the optimization, including, the Cu-rich miscibility gap data
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measured [53] (Figure 2.2a), and the a-Cu,Se/B-Cu,Se solvus line and related eutectoid data
[54, 55] (Figure 2.2b). These data are inconsistent with the new measured results. Specifically,
the Cu-rich miscibility gap data [53] are in disagreement with those reported in [23, 5]; while the
a-CuyxSe/B-Cuy«Se equilibria and related eutectoid data report by [54, 55] are inconsistent with
those measured by Abrikosov [4].

Tables 2.11a and 2.11b present the experimental and calculated temperatures and
compositions of the invariant reactions in this system. The calculated values agree well with the
data summarized by Chakrabarti and Laughlin [2]. The calculated critical temperature of the Cu-
rich liquid miscibility gap agrees well with the experimental data of reference [5], whereas the
calculated critical composition has lower Se concentration than the experimental ones [5]. The
calculated compositions of the whole Cu-rich miscibility gap, however, agree well with the
experimental data of reference [5] as shown in Figure 2.2a. In the calculated phase diagram, the
temperatures and compositions of the Se-rich liquid miscibility gap have been predicted, which
need to be verified by furture experiments.

Figure 2.3 shows the comparison between the calculated and measured chemical potential
of selenium in liquid phase. The calculated values agree with the measured ones [22] when the
mole fraction of selenium is larger than 0.333. When the mole fraction of selenium is less than
0.333, the calculated values lie between the measured results of Azakami and Yazawa [23] and
Blachnik and Bolte [22]. The calculated and measured chemical potential of copper in the B-Cu,.
«S¢ phase is shown in Figure 2.4. The calculated curves essentially agree with the experimental
data. The calculated curves, however, are not as concave as the measured ones. Figure 2.5 shows
the comparison between the calculated and measured Se, partial pressure along the liquidus and
in equilibrium with the compounds in this system. To calculate the Se, partial pressure, an ideal
gas phase containing 12 species is added to the optimized coefficient set. The parameters of the
gas species Se, Se,, Ses, Ses, Ses, Seg, Ses, and Seg are given in Chapter 3 of [61], whereas the
parameters of the gas species Cu, Cu,, CuSe, and Cu,Se are taken from reference [60]. The
calculated Se, partial pressure values agree well with the measured data of Rau and Rabenau [8]
except those at the low pressure fcc(Cu)/B-CuySe region. Attempts to fit would not allow other
experimental data to be fitted, including the experimental Se, partial pressures measured by the
same authors [8].

The calculated vacancy site fractions in the 3-Cu,«Se phase are shown in Figures 2.6 and
2.7. In the B-Cuy«Se single-phase region, the Cu vacancy concentration in the first sublattice,
yya » increases with the increase of selenium concentration; whereas the Se vacancy

concentration, yy, , decreases with the increase of selenium concentration. The horizontal lines
from the mole fraction of selenium at 0.338 to 0.342 at 380 K in Figures 2.6 and 2.7 correspond
to the a-CuySe+p-Cu,«Se two-phase region. The calculated Cu vacancy site fraction in the first
sublattice is between 0.008 to 0.271 in Figure 2.6, whereas the Se vacancy site fraction is
between 2.07x10"7 to 2.23x10™ in Figure 2.7. No experimental data are available for
comparison to these calculation results. However, the very limited Se vacancy and a large Cu
vacancy concentration are in reasonable accord with the structural research results [32, 56, 36].

The experimental and calculated standard enthalpies of formation of the intermediate
compounds at 298.15 K in the Cu-Se system are presented in Table 2.12 The corresponding
standard entropies are presented in Table 2.13. The reference state for these properties is the
enthalpy of the pure stable element at 298.15 K. The calculated enthalpies of formation in the

2-13



present work lie between the data measured by Gattow and Schneidener [6] and those evaluated
by [12]. The calculated standard entropies agree with those evaluated by Mills [12], except that
of CuSe;,, which lies between the value of Rau and Rabenau [8] and that evaluated by Mills [12].
Figure 2.8 shows the calculated heat capacity for Cu,Se along with the experimental result [57].
The calculated values agree well with the measured ones. The calculated enthalpy of transition of
the a-Cu,Se—p-Cu,Se transition at 396 K is 6.83 kJ/mole, which is in good agreement with that
measured by Kubaschewski and Nolting [57]. The calculated enthalpy of the a-CuSe—p-CuSe
transition at 324 K is 1.38 kJ/mole, which is in good agreement with that measured by Heyding
[15]. As no experimental heat capacity data for CuSe are available, those data are optimized
from the phase diagram data after assuming no difference between the heat capacities of a-CuSe
and pB-CuSe.

2.8 Conclusions

A thermodynamic description of the Cu-Se binary system was obtained by optimization of
the available phase equilibrium and thermodynamic data. The Redlich-Kister polynomial,
associate solution model, and sublattice model were used to represent the Gibbs energy of the
fcc(Cu), liquid, and both Cu,.«Se phases, respectively. Other intermediate phases are modeled as
line compounds. The phase diagram and thermodynamic properties of this system have been
calculated by using the optimized model parameters. There is reasonable agreement between the
model-calculated values and selected phase equilibrium and thermodynamic data available in the
literature for all phases. Further experimental work is suggested for determining the shape and
critical point of the Se-rich liquid miscibility gap.

Table 2.9 Selected data used in the optimization.

Equilibrium/Function Reference
B-Cu,.Se/liquid, congruent and monotectic [15],[16], [19], [58], [17], [50]
(Se-rich side)

Liquid miscibility gap and monotectic (Cu- [58], [23], [5]

rich side)

B-Cu,,Se/fcc(Cu) and eutectic [26], [27], [58], [2]
a-Cu,.Se+B-Cu,_,Se, peritectoid and eutectoid [15], [57], [17], [4], [3]
Other phase equilibrium data [17], [2], [24], [25]
Chemical potential of Se [8], [23], [22]
Chemical potential of Cu [21]

Enthalpy of formation [6], [12]

Standard Entropy [12]

Heat capacity [57]

Enthalpy of transition [15], [57]

Enthalpy of fusion [3]
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Table 2.10 Optimized parameters according to the analytical description of

the phases .
Phase or Function Parameters
Liquid "Glypse = GCu2Se 1

*Llew cuyse =187782-106.9217T

Lt cuyse = -83457+61.4034T

Ly sese =-19130+17.8305T

'Lt sese =-34873+15.0081T

aCuz,Se "G o = GCU2Se_A G 27 GL +50000
"Gy ="GL +90000

*Gseca =40000 + GCu2Se _ A—"GL¢

OLg:Se,Va:Cu =20000 OL?fu,Va:*:Cu =11180+107
1L(é‘u,Va:*:Cu =-56789
BCuySe °Gh o = GCu2Se B °Gh e =2°GEC +50000

"Gl yucu="GL +80000+36T
C)GIgl:Se:Cu =30000+ 36T + GCM2S€_B—°G£ZC

L g yascu = 20000 OLf, yarecu = —32004+14.0367T
'L yamca = —19864+11.20027
CusSe, °GE=25590+62.7620T-15.66455TInT
aCuSe °GSe=_25859+83.0760T-18.24325TInT
BCuSe (or yCuSe) °GPCUSe=24478+78.8145T-18.24325TInT
CuSe, °G52=.21989+95.3189T-19.97710TInT
fee(Cu) "G =G +5000 Lk ¢, =-10000 —10T
Function Geu2Se A=-80217.34+288.16728T-59.0572TInT-0.0375096T*
(298<T<395)

=-98588.35+664.34671T-120.0866TInT+0.03785T>
-6.9635x10°T*+1019900T"  (395<T<800)
Geu2Se B=GCu2Se A+6830-17.29114T
GCu2Se 1=GCu2Se B+16000-11.422T

Temperature (T) is in Kelvin. The Gibbs energies of the liquid, fcc(Cu), CusSe,, a-CuSe, B-CuSe and
CuSe, are in J/mole of atoms. The Gibbs energies of o-Cu,,Se and B-Cu,.,Se are in J/mole of
(Cu,Va)|(Se,Va)(Cu),. The symbol * indicates Cu, Se or Va, and tri represents trigonal.
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Table 2.11a. Experimental and calculated temperatures and compositions of

the invariant reactions in the Cu-Se system (continued on Table 2.11Db).

Phases Composition, Temperature Reaction Reference
at. % Se [K] Type
Li/L, 18.0/18.0 1699 Critical [5]
15.7/15.7 1700 This work
L1/L,y/B-CuySe .../132.1/33.3 1380 Monotectic [1]
- 1373 [58]
.../.../33.3 1373 (2]
4/31.5/33.3 1380 [5]
3.0/32.9/33.3 1373 This work
Cu/L,/B-Cuy«Se - 1336 Eutectic [1]
<0.02/1.8/33.3 1341 [59]
.../1.8/33.3 1336 (2]
0.02/2.1/33.3 1335 This work
0/33.3/33.3 404 Peritectoid [15]
Cu/a-CuySe/pB-Cu,- 0/33.3/33.3 396 [59]
Se 0/33.3/33.3 411 [19]
0/33.3/33.3 435 [58]
0/33.3/33.3 396 [17]
0/33.3/33.3 413 [18]
0/33.3/33.3 396 [2]
0/33.8/33.9 396 This work
B-Cu,.Se/L, 33.3/33.3 1421 Congruent [Mas 61]
33.3/33.3 1386 [59]
33.3/33.3 1403 [58]
33.3/33.3 1403 (2]
33.5/33.5 1421 [3]
33.6/33.6 1399 This work
L,/Ls 68.9/68.9 1256 Critical This work
B-CuyxSe/Ly/Ls - 796 Monotectic [15]
37.18/50.96/>98.78 796 [19]
- 813 [58]
- 796 [17]
36.5/52.5/... 796 [2]
36.4/50.0/97.0 796 This work
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Table 2.11b. Continuation of Table 2.11 a: Experimental and calculated
temperatures and compositions of the invariant reactions in the Cu-Se

system.
Phases Composition, Temperature Reaction Reference
at. % Se [K] Type
<38/50/... 655 Peritectic [15]
37.18/50/>98.78 657 [19]
B-Cuy.xSely- 37.59/50/... 673 [58]
CuSe/L; - 652 [17]
36.5/50/... 650 [2]
36.8/50/99.4 650 This work
v-CuSe/CuSe,/L; 50/66.7/... 615 Peritectic [15]
50/66.7/98.78 616 [19]
50/66.7/... 605 [17]
50/66.7/... 605 [2]
50/66.7/99.8 605 This work
CuSe,/Se/L; 66.7/100/... 491 Eutectic  (or [15]
- 499 peritectic) [19]
- 491 [17]
- 494 [2]
66.7/100/100 494 This work
<37/40/50 408 Peritectoid [15]
<37.18/40/50 416 [19]
B-Cu,. <37.6/40/50 448 [58]
L Se/CusSe,/B-CuSe .../40/50 386 [17]
36.5/40/50 385 [2]
37/40/50 417 [3]
36.5/40/50 385 This work
50/50 326 Polymorphic [15]
a-CuSe/B-CuSe 50/50 319-321 [43]
50/50 333 [19]
50/50 353 [58]
50/50 323 [17]
50/50 324 [2]
50/50 324 This work
a-Cuy,Se/B-Cup.,Se/ 34.8/36.3/40 170 Eutectoid [55]
CusSe; 34.2/36.2/40 291 [4]
34.6/36.0/40 291 This work
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Table 2.12 Experimental and calculated standard enthalpies of formation
(AH® £29g.15k) of the intermediate compounds at 298.15 K in the Cu-Se

system (kJ/mole).
Compound -A"Haog Method Reference

CuySe 59.3 Calorimetry [6]

69.9 EMF [7]

62.8 Vapor pressure [8]

65.7 EMF [11]

65.3 Evaluation [12]

59.3 Assessment This work
CusSe, 98.9 Calorimetry [6]

124.5 DTA [15]

94.6 EMF [11]

104.6 Evaluation [12]

104.6 Assessment This work
CuSe 39.6 Calorimetry [6]

46.0 EMF [7]

44.0 Vapor pressure [8]

32.6 EMF [11]

41.8 Evaluation [12]

40.8 Assessment This work
CuSe; 43.1 Calorimetry [6]

49.0 Vapor pressure [8]

39.3 EMF [11]

48.1 Evaluation [12]

48.1 Assessment This work

2-18




Table 2.13. Experimental and calculated standard entropies (‘Saog) of the

intermediate Compounds at 298.15 K in the Cu-Se system (J/K mole).

Compound "Ss08 Method Reference
Cu,Se 157.4 Vapor pressure [8]
113.9 EMF [11]
129.7 Evaluation [12]
129.7 Assessment This work
CusSe; 185 EMF [11]
207.2 Evaluation [12]
210.7 Assessment This work
CuSe 86.2 Vapor pressure [8]
74.1 EMF [11]
78.2 Evaluation [12]
78.2 Assessment This work
CuSe; 120.6 Vapor pressure [8]
98.8 EMF [11]
107.4 Evaluation [12]
115.4 Assessment This work
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PART 3

A Critical Assessment of Thermodynamic Data
and Phase Diagram for the In-Se Binary System

Abstract

The In-Se binary system is a member of the III-VI group and contains several
semiconducting compounds (such as InsSes, InSe, InsSe; In,Ses) with possible applications to
electronic devices. The understanding of the thermochemistry and phase diagram the In-Se
system is motivated as a step towards predicting the behavior of the Cu-In-Se ternary system. We
carried out an assessment of the In-Se system using all the relevant phase diagram and
thermochemical data available in the literature, plus a published unary assessment for indium,
and one for selenium. Nine intermediate solid phases (InsSe;, InSe, InsSe; In¢Se;;, InsSe; o
InySe;, (- InySes, y- InySes, and &-InySe;) are modeled as line compound, and an association
model was used to describe the liquid phase. The key results that we obtained by coupling the
thermochemical and the phase diagram data, are optimized expressions for the Gibbs free
energy with respect to the stable element reference for the solid compounds and for the liquid
phase, along with those for the major vapor phase species (in particular Se, for n=1 to 8, In,
InSe, In,Se,, and In,Se;) . The temperature-composition and pressure-temperature projections of
the phase diagram were assessed.
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3.1 Brief Overview

3.1.1 Participants
Faculty Adviser: Prof. Timothy J. Anderson
Research Assistant:  Chih-Hung "Alex" Chang

3.1.2 Objectives

The objectives of this project are to elucidate the thermochemistry and phase diagram of the
In-Se system, and to make progress towards the understanding of the full Cu-In-Se system by
carrying out a critical assessment of the phase diagram and thermodynamic data available in the
literature for the In-Se system.

3.2 Phase Diagram Data

The phase diagram of In-Se system was studied by several investigators [3-12]. The early
studies [3, 4, 5, and 6] used DTA and X-ray analysis to identify phase transformations and
phases. Four intermediate compounds, In,Se(s), InSe(s), InsSeq(s), and In,Ses(s) were reported.
InSe(s) and In,Ses(s) were identified as congruent melting species. One miscibility gap was
proposed in their diagram. Likforman and Guittard [7] investigated the In-Se system from 10 to
95 at.% Se using DTA and X-ray analysis. They reported five compounds InsSe;(s) (instead of
In;Se), InSe(s), IngSes(s) (instead of InsSes), InsSes(s), and In,Ses(s). Only In,Ses;(s) was
identified as a congruent melting species and two miscibility gaps were proposed in their
diagram. Imai et al. [8] investigated the phase diagram from 30 to 56 at.% by DTA. They also
carried out the composition analysis of the compounds grown from the stoichiometric and non-
stoichiometric melts using He+ ion Rutherford backscattering (RBS). Their diagram was in
qualitative agreement with the diagram reported by Likforman et al. [7]. The main differences
are the compositions of the peritetic reactions and the shape of the liquidus lines.

Glazov et al. [9] measured the ultrasound propagation rate at different composition and
temperature of liquid In-Se alloys to study the In-rich misicibility gap. Okada and Ohno [13]
investigated the electronic properties of liquid In-Se alloys, including electrical conductivity,
thermopower, and magnetic susceptibility. They also determined the melting temperature of In-
Se alloys at different compositions from the temperature dependence of the electronic properties.
The In-Se phase diagram was reviewed by Okamoto [14] based on the work of selected authors
[1,2, 3, 5, 7, 8]. Didoukh [10] measured the electroconductivity for liquid immiscible In; Sey
alloys and determined the miscibility gap on the In-rich side of the phase diagram. Daouchi et al.
[11] reinvestigated the In-Se phase diagram using DTA, DSC, and XRD. Their diagram is in
qualitative agreement with Okamoto [14]. Godecke et al. [12] re-determined the stable and
metastable In-Se phase diagram using DTA, XRD, optical microscopy, SEM, and TEM. They
reported IngSe;; and InsSe; are stable phases at stoichiometric composition and p-In,Se; was
observed at 59.6 at. %, contrary to previous studies, which suggested -In,Se; was one of the
polymorphic stoichiometric In,Se; phases. They also suggested the a-In,Se; phase is slightly Se-
rich compared to the stoichiometric y-In,Ses phase, however, the exact composition was not
reported. The formation of InsSe; and IngSe;; was suppressed while applying cooling rate
between 2 to 10 K/min. They attributed the difference between their finding and the literature
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data to the different experimental procedures. The phase diagram data from various authors are

shown in Figure 3.2. The invariant equilibria are listed in Table 3.1.

Table 3.1. Invariant equilibria in the In-Se binary system

Phases Composition, Temperature Reaction Reference
[at. % Se] (K] Type
L,/In/In,Se 0/0/33.33 429.15 Eutetic [4]
—/0/42.8 428.15 [7]
0/0/42.8 429.15 [14]
Li/In/InsSe; 0/0/42.8 426 Eutetic [11]
0/0/42.8 429.15 [12]
1.41x10°/0/42.8 429.7 This study
4/30/42.8 793.15 [4]
—/30/42.8 793.15 [7]
—/32/42.8 793.15 [8]
4/30/42.8 793.15 [9]
3/32/42.8 793.15 Monotetic [14]
Li/Ly/IngSe; -/28/42.8 793.7 [10]
4/26/42.8 794 [11]
793.15 [12]
793 [15]
4/26/42.8 793.15 This study
L,/InSe/In,Se 50/28.27/33.33 823.15 Peritetic [4]
50/34/42.8 823.15 [7]
50/38/42.8 823.15 [8]
L,/InSe/InsSes 50/38/42.8 823.15 Peritetic [14]
50/29/42.8 823.15 [11]
50//42.8 823.15 [12]
823 [15]
818.1 This study
45/50/53.8 873.15 [7]
48.3/50/53.8 873.15 [8]
L,/InSe/IneSe; 45/50/53.8 873.15 [14][11]
46/50/53.8 883 Peritetic [12]
/50/53.8 884.15 [15]
/50/53.8 872 This study
49.9/50/53.8 883.6
L,/InsSe¢/In,Ses 52/53.8/60 933.15 Peritetic [4]
L,/IngSe;/InsSe; 51.2/53.8/58.33 933.15 Peritetic [7]
50/53.8/60 918.15 [8]
L,/IngSe/InySe; 52/53.8/60 918.15 Peritetic [14]
52/53.8/60 903.15 [11]
L/ IngSe7/IngSey; 52/53.8/55 923.15 Peritetic [12]
52.411/53.8/55 922.1 This study
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L,/IngSe;1/InsSe~ /55/58.33 933.15 Peritetic [12]
930 [15]
53.05/55/58.33 934.5 This study
L,/InsSe+/B-In,Se; /58.33/59.8 943.15 Peritetic [12]
938 [15]
53.31/58.33/59.8 950.4 This study
L,/B-In,Ses/6-InySes /59.6/60 1153.15 Peritetic [12]
57.7/59.6/60 1145.3 This study
-In,Ses/InsSes/y-In,Ses /59.6/60 471.15 Eutetoid [12]
59.8/59.6/60 469.5 This study
1173.15 [4]
1153.15 [16]
1161.15 [12]
L,/In;Se; 60 1171.15 Congruent [14] [11]
1159 Melting [12]
1164.15 This study
1157
- 1043.15 [4]
64.3/94.6 993.15 [7]
O-In,Ses/Ly/L; 60/66/90 1043.15 Monotetic [14][11]
60/68/92 1017 [12]
60/ -/ - 1023.15 [15]
60/ -/ - 1033 This study
60/69.83/89.95 1023.5
60/60/- 1023.15 [4]
0-In,Ses/y-In,Ses/Ls 60/60/- 1018.15 Peritetic [12]
60/60/93.4968 1013.8 This study
99.99/60/100 498.15 [4]
99.99/60/100 493.15 [7]
L3/In,Ses/Se 99.99/60/100 493.15 Eutetic [14][11]
99.99/60/100 488 [12]
99.99/60/100 494.15 This study
99.99/60/100 494
o-In;Ses/y-InySes/Se 60.04/60/100 484 Peritectoid [12]
60.04/60/100 487.7 This study
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3.3 Enthalpy, Entropy and Heat Capacity Data

3.3.1 Unary data

Gibbs energy data of condensed phase indium was taken from the SGTE database [1]. The
thermodynamic properties of pure selenium were assessed in this work as discussed by Chang
[59]. The data are given in Tables 18.4 and 18.5 in the form of expressions for the Gibbs free
energy with respect to the stable element (G-Hggr).

Table 3.4 Gibbs energy relative to Hggr of condensed indium.

Phase Temperature Coefficients in the G-Hgggr expression
Range (K) G-Hggg = A + BT + CTInT + DT +ET*+F/T+GT 7 + HT"*
(J/ K* mol)
Solid 298.15 - 429.75 A=-6978.89 B=923338115 C=-21.8386 D=-5.72566x 10 >
Hexagonal E=-2.120321x10° F=-22906 G=0 H=0

429.75-3800 * | A= -7033.516 B=124.476588 C=-27.4562 D=-0.54607 x 10"

E=-0.08367x10° F=-211708 G=0 H=3.53 x 10>

Liquid 298.15-429.75 | A=-3696.798 B=284.701255 C=-21.8386 D=-5.72566x 107
- E=-2.120321x 10 ° F=-22906 G=-5.59 x 10

494.4 - 3800 A=-374981 B=116.835784 C=-27.4562 D=0.54607x 10"

E=-0.08367x10° F=-211708 G=0 H=0

Note: *- superheated solid, **- supercooled liquid

Table 3.5 Gibbs energy relative to Hggr of condensed selenium.

Phase Temperature Coefficients in the G-Hggr expression
Range (K) G-Hggr = A + BT + CTInT + DT?+ET+F/T (J/ K mol)
Solid 298.15 - 494.3 A=-6657 B=92.53969 C=-19.14 D=-0.012295
Hexagonal E=0.2677x10° F=0
,, 494.3 - 760 * A=-6657 B=92.53969 C=-19.14 D=-0.012295
E=0.2677x10° F=0
, 760 - 1200 * A=-9059.17 B=150.33422 C=-28.552 D=0
E=0 F=0
Liquid 298.15 - 494.3 A=-9809.20 B=288.81342 C=-52.4 D=0.024925
o E=-0.5455x10" F=0
, 494.4 - 1000 A=-9809.20 B=288.81342 C=-52.4 D=0.024925
E=-0.5455x10" F=0
, 1000-1150 A=8433.14 B=-78.47693 C=5.399 D=-0.035945
E= 0.5202x107° F=0
,, 1150-1500 A=-7460.62 B=192.64635 C=-36 D=0
E=0 F=0

Note: *- superheated solid, **- supercooled liquid

3.3.2 1InySe;3(s)

In,Ses(s) was reported to exist in several polymorphic phases, however, the literature
contains contradictory results on the structure and phase transition temperature [3, 18, 19, 60, 16,
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20, 22, 23, 11, 12]. The uncertainty about the structure of In,Se; is likely related to several
reasons, including: 1. Complexity and similarity of the different polymorphic structures that exist
in the vicinity of this composition. 2. Different techniques used to prepare the samples. 3. The
volatile nature of In,Ses (s) causing the composition to drift during the heat treatment involved in
phase transition experiments. 4. The difficulty in performing in-situ structural investigations
without losing volatile components from the vapor phase.

Mills [24] reported the only information concerning the high temperature heat capacity and
enthalpy of transition. He reported the heat capacity for In,Ses(s) and In;Ses«(s) in the
temperature range T=298 to700 K and the transition enthalpy at 486 K. The XRD analysis on the
quenched in In;Ses«(s) sample after the DSC measurements indicate this In-rich In,Se; is [3-
In,Ses. This result is consistent with the phase diagram of Godecke et al. [12]. Mill’s C, data
were used to fit the heat capacity, Cp(T), equations for a, B, and y-In,Se;. The 6-In,Ses(s) heat
capacity was estimated by Pashinkin and Zharov [25] from In,S; heat capacity data. The fitted
Cp(T) results are given in Table 3.8.

The standard enthalpy of formation, AH’ 2915k, for a-In,Se; has been studied by several
authors using different techniques, including combustion calorimetry [26], synthesis calorimetry
[27], mass-spectrometry [28], vapor pressure (absorption spectra) [17], EMF measurements [29],
[15], vapor pressure measurements (Knudsen or torsion) [30, 25, 31], and analysis of the
reaction: In,Ses(s)+ L(g)=2Inl(g)+1.5Se(g) [32].

Mills [24] reported the value for a-In,Ses; to B-In,Ses transition enthalpy, AH=3.85 kJ/mol,
using DSC. His value was re-interpreted as a-In,Ses to y-In,Se; transition based on the recent
phase diagram [12]. The standard enthalpy of formation, AH 205 15x= -319.9 kJ/mol, for y-In,Se;
was estimated from the standard enthalpy of formation, AH 195 15k= -318 kJ/mol [27], for a-
In,Se; using this transition enthalpy.

Vapor pressure measurements [17, 25, 30-32] were performed in the high temperature
range, where 3-In,Se; and y-In,Ses are the stable phases. Selected vapor pressure data [25, 30,
31] were used to derive the standard enthalpy of formation value for 8-In,Se;. The results are
summarized in Table 3.6.

Srinivasa and Edwards [33] studied the vaporization chemistry by the simultaneous
Knudsen and torsion method in the vicinity of stoichiometric In,Ses. If we re-interpret their data
based on the new diagram by Godecke et al. [12], the data they interpreted as the -
In,Ses+InsSes two-phase equilibrium vapor pressure could be re-interpreted as the T-P projection
above the y-In,Se; and B-In,Se; two-phase domain. Their vapor pressure data were used to
estimate the value for -In,Se; according to the following vaporization reaction,

y-InZSe3—>B-InZSeg.95 + 0.02475862
The value, AH’¢ 298 15k= - 314.8 kJ/mol, was obtained by second law method.

The value of standard entropy, S°uos.15 K, for a-In,Ses(s) was estimated from measurements
of the low temperature heat capacity [34, 41, 48], and from EMF measurements [29]. The data
are summarized in Table 3.7. The standard entropy, 80298, for y-In,Ses(s) was estimated from
S%0s.15 k Of a-InySes(s) using the heat capacity data for a-In,Se;(s) and y-In,Se;(s) and ASO(HY
transition entropy data retained in this work. The value, S®og 15k= 210.68 J/K mol, was obtained
for y-In,Ses(s).



The transition enthalpy for the y-In,Se; to 8-In,Se; transformation was estimated from the
values of standard enthalpy of formation and the heat capacity of y-In,Se; and 6-In,Ses. The
transition entropy was then calculated from the equation, AS=AH./Ty. The value,
S%08.15k=260.99 J/mol K, was obtained for 8-In,Ses(s) from the S°og value of y-InySes(s) and the
AS°,_,s transition entropy data retained in this work.

3.3.3 IIl5S€7

No thermochemical data are available for the InsSe; phase. For ionic or quasi-ionic systems,
the shape of the AH’¢295.15k polygon vs. composition usually lies outside the basic triangle, and
the summit is often the compound with the highest melting temperature [35]. Following this
trend, the standard heat of formation, AH’:,9g 15K, for InsSe; is estimated to be —784.4 kJ/mol
from Figure 3.1. The value of standard entropy, S°os1s, is estimated to be 469.9 (J/K mol) by
Latimer’s rule [36]. The heat capacity is estimated by Unél’s rule [37]. The enthalpy, entropy
and heat capacity data are listed in Tables 3.9, 3.10 and 3.11, respectively.

3.3.3.1 In9Se11

As with InsSe; there are no thermochemical data available for the IngSe;; phase. The
standard heat of formation, AH 2905 15k, for IngSey; is estimated to be -1282 kJ/mole using Figure
3.1. The standard entropy, S, is estimated to be 796.8 (J/K mol) by Latimer’s rule [36]. The
heat capacity is estimated by Unél’s rule [37]. The enthalpy, entropy and heat capacity data are
listed in Tables 3.9, 3.10 and 3.11, respectively.
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Table 3.6 Standard heat of formation of In2Se3(s) at 298.15 K.

Author | Method | - AH 298 ( kJ/mol )
o-In,Se;(s)
[38] Combustion calorimetry 344+13
[27] Synthesis calorimetry 31845
[29] EMF 239.1+18.4
[17] from reaction 209
In,Se;(s)+L,=2Inl(g)+1.5Se,(g)
[30] Vapor pressure (Knudsen) 321+20
[39] Evaluated 326.25
[31] Vapor pressure 288420
(torsion,Knudsen)
[25] Vapor pressure (Knudsen) 303.2+30
[40] Assessed 275.8+25
[15] EMF 330.9£1.6
This work (**) Assessed 323.98
v-In,Ses(s)
This work (**)* Calculated from [27] 319.9
This work (**) Assessed 324.0
B-In,Ses(s)
[33]* Vapor pressure 314.8
(torsion,Knudsen)
This work (**) Assessed 320.0
0-In,Ses(s)
[30]* Vapor pressure (Knudsen) 273.2
[25]* Vapor pressure (Knudsen) 262.0
[31]* Vapor pressure 268.7
(torsion,Knudsen)
This work (**) Assessed 315.8

Note: * recalculated in this work (**)
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Table 3.7 Reported 80298,15 k values for In,Ses.

Species S%08 15K Experimental method Reference
J /K mol
o-In,Se; 197.6 Adiabatic Calorimetry [41]
192.3 + 8.8 EMF [29]
202.2 Adiabatic Calorimetry [34]
197 Estimated [39]
204.3 Assessed This work (**)
v-In,Ses 210.7 Estimated This work (*%*)
210.9 Assessed This work (**)
6-In,Se; 261.0 Estimated This work (*%*)
219.1 Assessed This work (**)
B-In,Se; 210.4 Estimated [33]*
211.3 Assessed This work (**)

Note: * calculated in this work (**)

3.3.4 1IngSes(s)

The standard enthalpy of formation, AH 10515k, and entropy, S%pos sk, for IngSes(s) have
been measured by Mustafaev et al. [29], but the values were assigned to InsSeg(s). Chatillon [40]
has recalculated the AG% (T) = -761578+290.849 T (J/mol). The value, AH 505 15Kk =-688.63
(kJ/mol), is obtained by recalculation of the EMF data of Mustafaev et al. The value,
S%0s.15k=514.14 (J/K mol), is obtained from the second law AS°t95 15k value derived from the
EMF data [29]. The value, 520.85 (J/K mol), is obtained if estimated by Latimer’s rule [36]. The
heat capacity was determined by Mills [24] from DSC measurements. The enthalpy, entropy and
heat capacity data are listed in Table 3.9, 3.10 and 3.11, respectively.

Table 3.8 Assessed heat capacity for In,Ses(s).

phase C,=a+ bT (J/Kmol)
o 107.64907+0.054328 T
B 116.78158+0.026741 T
y 113.41683+0.035989 T
) 151
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3.3.5 1InSe(s)

The standard enthalpy of formation, AH 205 15k, Was determined by Hahn and Burrow [42]
using combustion calorimetry, and by Mustafaev et al. [29] from their EMF measurements.
Values of the enthalpy and entropy of fusion were reported by Mills [24] using DSC. A value for
the absolute entropy, S°s.15¢, data were reported by Mamedov et al. [43] from low temperature
heat capacity measurements. The value, S°%og.15x = 77.44 (J/K mol), is obtained from second law
AS°f20s.15k value of the EMF data [29]. Mills [24] measured the heat capacity using DSC. The
enthalpy, entropy and heat capacity data are listed in Tables 3.9, 3.10 and 3.11, respectively.

3.3.6 InsSes(s)

The standard enthalpy of formation, AH’19s.15k, and entropy, AS°f29s.15x, for InySe(s) have
been measured by Mustafaev ef al. [29], which should be assigned to InsSe;(s) based on the
correct phase diagram. The values, AH 19515k =-332.24 (kJ/mol) and S®ys.15k=336.83 (J/K mol),
were obtained by recalculation of the EMF data reported by Mustafaev et al. [29]. Chatillon [40]
estimated the entropy value to be 292.9 (J/K mol) using Latimer’s rule [36] and the heat capacity
data by Unéal,s rule [37]. The enthalpy, entropy and heat capacity data are listed in Table 3.9,
3.10 and 3.11, respectively.
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Table 3.9 Standard enthalpy of formation values at 298.15 K, AH 295 15k, Of
In-Se compounds.

Species | -AH’95.15x (kJ/mol ) Experimental method Reference
InsSe; 753 Estimated This work (**)
793.75 Assessed This work (**)
IngSeq; 1215.9 Estimated This work (**)
1337.6 Assessed This work (**)
InsSes 580.6+ 16.3 EMF [29]
IneSe; 688.63 EMF [29]*
808.6 + 0.5 EMF [15]
855.67 Assessed This work (**)
InSe 117.0 £ 12.5 Combustion [42]
Calorimetry
109.1 £ 7.9 EMF [29]
118.0 £ 12.6 Evaluated [39]
98 Evaluated [40]
112.1+ 0.4 EMF [15]
124.89 Assessed This work (**)
In,Se 147.1 £ 11.7 EMF [29]
InsSes 332.24 EMF [29]*
300.7 Evaluated [40]
382.51 Assessed This work (**)

Note: * recalculated in this work (**), ** should be InsSes

3-12




Table 3.10 Entropy values at 298.15 K for In-Se compounds.

Species S%9s.15k (J/K mol) Experimental method Reference
InsSe; 469.9 Estimated This work (**)
479.8 Assessed This work (**)
InySeq; 796.8 Estimated This work (**)
773.6 Assessed This work (**)
InsSes* 417.6 + 7.5 EMF [29]
IngSe-; 514.14 EMF [29]*
479.7 EMF [15]
529.6 Assessed This work (**)
InSe 80.9 Adiabatic Calorimetry [43]
77.8+2.9 EMF [29]
842+ 1.7 Assessed [44]
81.6 Assessed [39]
79.4 EMF [15]
85.52 Assessed This work (**)
In,Se** 138.4 +3.3 EMF [29]
InsSe; 336.83 EMEF* [29]
292.9 Estimated [40]
310.1 Assessed This work (**)

Note: *Recalculated in this work (**), ** should be InsSes

Table 3.11 Heat capacity data for In-Se compounds.

Phases Cp, (J/Kmol) Temperature | Reference
Range (K)

InsSe; 356.12+2387x 10° T 298-943 This work
~5.04x 10°T? ()

IneSey; 59372 +43.548x 10 ° T 298-933 This work
~84x10°T? (k)
IneSe; 348.5085 - 6.7012x 10> T 129-898 [24]

~1.1198 x 10° T2+ 9.8711 x 10° T?
InSe 5232-628x 107 T 129-920 [24]
~1.79x 10° T2 + 8.40 x 10 T?
In4Ses 196.627 +2.437x 102 T 298-823 [40]
~2.9288 x 10° T

Note: * Estimated by Unil’s rule [37].

3.3.7 Gas phase

The thermodynamic data for the gaseous molecules In(g), In,Sex(g), In,Se(g), and InSe(g)
have been studied [45, 46, 47] and assessed by Chatillon [40], including AH# 29815k, S°298.15Ks
and heat capacity. The G-Hggr expressions are given in Tables 3.12 and 3.13.
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Table 3.12 G-Hggr of gaseous compounds in In-Se system.

Species Temperature Coefficients in (G-Hgsgr ) expression
Range (K) G-Hsgr = A + BT + CTInT + DT? +ET*+F/T (J/ K* mol)
In,Sex(g) 298.15 - 2000 A =98948.31 B=161.67466 C=-83.139
=-0.00000179
E=0.1585x 10" F=39303.5
In,Se(g) 298.15 - 2000 A =13807593 B=62.81609 C=-58.1502

D =-0.00029559

E=0.3001x10"% F=575500

InSe(g) 298.15 - 2000 A=22298296 B=-4.1149 C=-37.3103
D = -0.00008454

E= 0.6035x 10°% F=57510

Table 3.13 G-Hggr of gaseous indium.

Species Temperature Coefficients in (G-Hggr ) expression
Range (K) G-Hsgr = A + BT + CTInT + DT? +ET*+F/T (J/ K* mol)
In(g) 298.15 — 600 A = 236267.082 B = - 68.7705731 C = - 15.35206
D =-0.00527185 E=-3.98269833 x 107 F=-94519.9
600 — 1100 A = 237868.024 B = - 110.524313 C = - 8.405227

D =-0.0156847 E=2.21196333x 10 ° F=-110674.05
1100 — 2900 A = 214982499 B = 118.641773 C = - 41.36283
D =0.00521457 E= -2.526305x 10 ' F=2837067

3.4 Gibbs Energy Data

3.4.1 EMF measurements

Mustafaev ef al. [29] measured the indium activity in the temperature range 510 to 710 K by
electromotive force in the two phase domains, In,Ses-Se, (InsSee)-In,Ses, InSe-(InsSeg), (In,Se)-
InSe. InsSeq should be corrected to IngSe; and In,Se should be corrected to InsSes. More recently
Mallika et al. [15] measured the indium activity in solid and liquid (indium + selenium) solutions
to 50 mass per cent selenium using solid-state galvanic cell.

3.4.2 Vapor pressure measurements

The following gas species were reported to exist in In-Se system, Se,(n=1 to 8) (g), In(g),
In,Se;(g), InaSe(g), and InSe(g). Both total vapor pressure [30, 33, 47-50] and partial pressure
[28, 45] measurements in the In-Se system are presented in Table 3.14.

Colin and Drowart [45] determined the partial pressure in equilibrium with liquid InSe by
Knudsen cell mass-spectrometry. In their investigation, the condensed phase composition was
not constant due to fact that the ion intensity ratio I(Se, )/I(InySe") varied appreciably with
temperature. Grinberg et al. [49] studied the saturated total vapor pressure above liquid InSe by
Bourdon quartz gauge and the vapor constituents by electron and IR absorption spectroscopy.
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Sublimation of In,Se;(s) has been studied by mass-spectrometriy [28], torsion or Knudsen
effusion [30, 25, 31, 33, 50], and membrane manometry [17]. In,Se;(s) was reported to sublime
congruently according to the reaction [28, 25, 31]:

In,Se; (s) = InxSe (g) + Sex (g)

Congruent behavior has not always been observed and the occurrence depended on the
experimental conditions. This is likely related to the effusion process changing the condensed
phase composition. This efffect was shown in Srinivasa and Edwards’ investigations [33, 51].
The difference between congruent sublimation and congruent effusion was discussed in [52]. In
their studies, the condensed phase was not the In,Ses(s) one phase domain, but a liquid-In,Se;
two-phase mixture. Their data agreed qualitatively with the P-T phase diagram from Grinberg et
al. [17], although the pressure measured by [50, 33] is much lower. Grinberg et al [49] studied
the vapor phase along the three-phase boundary “ In,Se;(s)-liquid-vapor ”, by measuring the total
pressure and optical absorption spectra of the vapor. They constructed the P-T projection of the
phase diagram along the In;Ses(s) liquidus. The spectroscopic analysis indicated three major
components in the saturated vapor, In,Se (g), Se; (g), and In (g). A small homogeneity range (~
0.1 at.%) was found in In,Se; (s) phase by analyzing the vapor composition along the three phase
boundary.

Table 3.14 Equilibrium vapor pressure measurement in the In-Se system.

Condensed Experimental method References
Phases

InSe (liquid) Partial pressure (Kundsen cell mass [45]
spectrometry)

InSe (liquid) Total pressure (Bourdon gauge) and IR [49]
spectroscopy

In,Se (solid ) Total pressure (Bourdon gauge) and IR [49]
spectroscopy

In,Se; (solid) Partial pressure (Knudsen cell mass [28]
spectrometry)

In,Se; (solid) Total pressure (Knudsen cell) [30]

In,Ses (solid) Total pressure and IR spectroscopy [17]

+liquid In-Se

In,Ses (solid) Total pressure (Knudsen and torsion) [31]

In,Ses(solid) Total pressure (Knudsen and torsion) [50, 53]

+liquid In-Se

In,Se; (solid) Total pressure (Knudsen cell) [25]

3.5 Thermodynamic Models

3.5.1 Pure elements and stoichiometric compound phases

The Gibbs energy of Cu is taken from Dinsdale [1], and that of Se is from Chang et al. [54].
The three-term equation given below is used to represent the temperature dependence of the
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Gibbs energy of stoichiometric compound phase,
°G=a+bT+cTInT (3.1)

Where °G is the standard Gibbs energy, T is the absolute temperature, and a, b and c are
constants whose values need to be determined from experimental data.

3.5.2 Liquid Phase

The association model [2] was used to describe the Gibbs energy of the liquid phase. In;Ses
is the most stable compound in this system, which is stable to 1163 K and congruently melts at
that temperature. The conductivity measurements of liquid In;,Sey alloys show a deep minimum
around the composition of 0.6 Se mole fraction. It is reasonable then to choose In,Se; as an
associate species for the modeling of the liquid phase

(Il’l, Ingse3, Se)1

The Gibbs energy of this phase (per 1 mole of atoms) can also be expressed by equation (2),
where fce should be replaced by 1 (I=liquid). The term "'G' is equal to

ref ~I ol ol ol
fG =V GIn +y1n2Se3 GInzSe_o, T Vse GSe (32)

where y; refers to the site fractions of the species 1, with y;, + Vinysest Vse = 1. The terms °Gl-l
represent the Gibbs energies of the liquid phases of the species 1.

The ideal mixing Gibbs energy “G' is equal to
idGl = RT(yIn In Ym Tt y]nzSe:,' In y]nzSe:,' T Vse In ySe) (33)
The excess Gibbs energy *G' is

E~l _ 041 171
G = y]nyln2Se3 ( LIn,InzSeg, + LIn,InzSeg, (yln - y1n25e3 ))

0 ! 3.4
+ ylnzSeySe( L1n2S63 ,Se +1L1n25e3 ,Se (yln25e3 — Vse )) ( )

where the four terms L represent the interactions between the species. They can be expressed as
the function of temperature.

3.6 Optimization Procedure

A selected set of thermodynamic and phase diagram data were used for the optimization of
thermodynamic model parameters of all phases in this system. The optimization was performed
by using the PARROT module of the Thermo-Calc program package [55] and procedures in four
steps.

First, initial estimates of the Gibbs energy coefficients of the stoichiometric compounds
IngSes, InSe, IngSe;, IngSe;;, InsSe;, B-In,Ses, y-InySes, 6-InpSes, and a-In,Se;, were deduced
from the reported enthalpy of formation, standard entropy, heat capacity. No enthalpy of melting
for In,Se; was reported in the literature. The Gibbs energy coefficients for liquid In,Se; were
deduced from the melting enthalpy of InSe reported by [24]. Second, a rough optimization of the
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liquid coefficients was performed based on the activities of selenium, miscibility gap, and three-
phase equilibria (those involved the liquid phase). Third, fixing the coefficients of the liquid the
coefficients of the stoichiometric InsSes, InSe, IngSe;, IngSe;;, InsSe;, P-In,Ses, y-In,Ses, -
In,Ses, and a-In,Se; phases were optimized based on the enthalpies of formation, enthalpies of
transition, standard entropies, and phase diagram data. Finally, all parameters of the phases were
optimized to fit the experimental data.

3-17



Table 3.15 Optimized parameters according to the analytical description of

the phases.”
Phase or Parameters
Function
Liquid °Glyse; = GInySes 1
Ly ysey = —90578.47
1L§n,ln2se3 =45241-23.71235T
O 565 .50 = 143000 —143.885943T
lLlInzSe_o,,Se = _20278
In,Ses °G M= _ 452040.0651+1030.595 —196.627TInT— 0.012185T~
+ 14644001

InSe °G "= — 140889.4243 + 264.4091T — 52.32TInT + 0.00314T~

— 1.4x10°°T° + 89500T"

IngSe; °G "= _ 961224.9318 + 1795.21T-348.5085TInT+0.033551T"

— 1.645x107°T+559900T"!

IneSey; PG> = _1544729.723 + 3263.10972T— 593.72TInT

—0.021774T*+ 4.2x10°T"!

InsSe; PG> = 917893.3895 + 1940.7949T — 356.12TInT — 0.011935T*

+2.52x10°T!

B-In,Se; PGP = _356008.26 + 578.83374T-116.78158 TInT — 0.0133705T>

v-ImSe; PGB =_359437.4289 + 559.45784 — 113.41683 TInT

—0.0179945T>

5-In,Se; PG5 = 351165 + 551.29784T—113.41683TInT — 0.0179945T>
(298.15<T<1018)

=_370776.53 + 812.53003 — 151 TInT
(1018<T<2000)

a-InpSe; PG5 = _358491.69 + 532.92563T— 107.64907TInT— 0.027164T>
(298.15<T<474)

=—359165.45 + 565.53707T— 113.41683TInT— 0.0179945T*>
(474<T<1080)

=_378776.98 +826.76926T— 151 TInT—
(1080<T<2000)

Function  |GIn,Se; [ =14958.1541-5.01847226T+GIn2Se3 D

GIn2Se3 D =-304076.2+509.29784T—113.41683TInT—0.0179945T>

(298.15<T<1018)
=_323687.73+770.53003T—151TInT (1018<T<2000)

+ Temperature (T) is in Kelvin. The Gibbs energies are in J/mole.

3.7 Results and Discussion

The optimized parameters of the stable phases in the In-Se system are listed in Table 3.15.
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The phase diagram and thermodynamic properties of this system were calculated with the Poly-3
module of the Thermo-Calc program package. The calculated phase diagram is shown in Figure
3.2. Comparisons between the experimental and calculated phase diagram are shown in Figures
3.3 to 3.6. Table 3.1 presents the experimental and calculated temperatures and compositions of
the invariant reactions in this system.

The calculated values are well within the uncertainty of experimental data. The calculated
In-rich liquid miscibility gap agrees well with the experimental data of Glazov and Kim [56] and
Godecke [12] as shown in Figure 3.4. The calculated peritetic reactions and liquidus lines for
IngSes, InSe, IngSe7, IngSe;;, InsSe; and -In,Se; are shown in Figure 3.5 in detail along with the
experimental data. In general, the calculated diagram is in agreement with the experimental data.
The calculated phase diagram at the Se-rich side is given in Figure 3.4 in comparison with the
experimental data. Figure 3.5 shows the comparison between the calculated and measured
activity of indium. The calculated activity deviated more positively than the experimental data.

Figure 3.7 shows the comparison between the calculated and measured total vapor pressures
in this system. To calculate the total pressure, an ideal gas phase containing 12 species is added
to the optimized coefficient set. The parameters of the gas species Se, Se,, Ses, Ses, Ses, Ses, Se7,
and Seg [59] were obtained from a different reference from the parameters of the gas species In,
InSe, In,Se, and In,Se, [57]. The calculated total pressures agree well with the measured data.
The calculated total pressure data are in good agreement with the measurements of Grinberg
[17]. The calculated T-p data along the B-In,Ses liquidus also agree well with the measurements
[33, 58].

The experimental and calculated standard enthalpies of formation of the intermediate
compounds at 298.15 K in the In-Se system are presented in Tables 3.6 and 3.9. The
corresponding standard entropies are presented in Tables 3.7 and 3.10. The reference states of
these data are the enthalpies of the pure stable elements at 298.15 K. The assessed enthalpy of
formation for a-In,Se; in the present work is close to the synthesis calorimetry value [27]. Their
value was obtained by direct synthesis of a-In,Se; in a bomb calorimeter. The synthesized
compound was confirmed by X-ray diffraction. This technique does not rely on other
thermodynamic functions, which introduces additional uncertainty. The assessed standard
enthalpies for B-In,Se; and y-In,Se; are close to the values derived from [33] and [27],
respectively. The assessed enthalpy of formation for InSe is well within the experimental
uncertainty of the value measured by Hahn and Burow [42] from combustion calorimetry. It was
found that the enthalpy of formation value for IngSe; is much more negative than the value
derived from EMF measurements [29] and closer to the value listed in reference [15]. It was also
found that the enthalpy of formation value for InsSe; is mu